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Abstract Electron precipitation down to the atmosphere due to wave-particle scattering in the
magnetosphere contributes signiﬁcantly to the auroral ionospheric conductivity. In order to obtain
the auroral conductivity in global MHD models that are incapable of capturing kinetic physics in the
magnetosphere, MHD parameters are often used to estimate electron precipitation ﬂux for the
conductivity calculation. Such an MHD approach, however, lacks self-consistency in representing the
magnetosphere-ionosphere coupling processes. In this study we improve the coupling processes in global
models with a more physical method. We calculate the physics-based electron precipitation from the ring
current and map it to the ionospheric altitude for solving the ionospheric electrodynamics. In particular, we
use the BATS-R-US (Block Adaptive Tree Scheme-Roe type-Upstream) MHD model coupled with the kinetic
ring current model RAM-SCB (Ring current-Atmosphere interaction Model with Self-Consistent Magnetic
ﬁeld (B)) that solves pitch angle-dependent electron distribution functions, to study the global circulation
dynamics during the 25–26 January 2013 storm event. Since the electron precipitation loss is mostly
governed by wave-particle resonant scattering in the magnetosphere, we further investigate two loss
methods of specifying electron precipitation loss associated with wave-particle interactions: (1) using
pitch angle diﬀusion coeﬃcients D𝛼𝛼(E, 𝛼) determined from the quasi-linear theory, with wave spectral
and plasma density obtained from statistical observations (named as “diﬀusion coeﬃcient method”) and
(2) using electron lifetimes 𝜏(E) independent on pitch angles inferred from the above diﬀusion coeﬃcients
(named as “lifetime method”). We found that both loss methods demonstrate similar temporal evolution
of the trapped ring current electrons, indicating that the impact of using diﬀerent kinds of loss rates is
small on the trapped electron population. However, for the precipitated electrons, the lifetime method
hardly captures any precipitation in the large L shell (i.e., 4 < L < 6.5) region, while the diﬀusion coeﬃcient
method produces much better agreement with NOAA/POES measurements, including the spatial
distribution and temporal evolution of electron precipitation in the region from the premidnight through
the dawn to the dayside. Further comparisons of the precipitation energy ﬂux to DMSP observations
indicates that the new physics-based precipitation approach using diﬀusion coeﬃcients for the ring
current electron loss can explain the diﬀuse electron precipitation in the dawn sector, such as the enhanced
precipitation ﬂux at auroral latitudes and ﬂux drop near the subauroral latitudes, but the traditional MHD
approach largely overestimates the precipitation ﬂux at lower latitudes.
1. Introduction
The ionospheric conductivity plays a key role in the magnetosphere-ionosphere coupled system because
a major part of the conductivity is attributed to the magnetospheric dynamics, and more importantly, it
further controls a rich variety of magnetospheric processes. For instance, the aurora conductivity is associ-
ated with ionospheric electron precipitation in the auroral zone, which is closely related to plasma waves
in the magnetosphere. On the other hand, the conductivity can greatly alter the ionospheric convection
electric ﬁeld that drives the transport of charged particles in the magnetosphere, controlling the source
population to the ring current and radiation belts. Earlier studies have extensively explored the eﬀect of
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the ionospheric conductivity on various magnetosphere-ionosphere processes, such as its temporal history
[Raeder et al., 1996], the substorm strength [Raeder et al., 2001], the dawn-dusk asymmetry in the plasma
sheet convection [Lotko et al., 2014], the Cowling currents in the ionosphere [Tang et al., 2011], and even the
solar wind-magnetosphere-ionosphere coupling [Ohtani et al., 2014]. All these studies suggest that the iono-
spheric conductivity is a crucial but intricate element in the magnetosphere-ionosphere system, motivating
deep investigation of its origin as well as its eﬀect.
The ionospheric conductivity, as a result of ionization of the upper atmosphere, is created from several energy
sources, including the solar EUV radiation, polar rain, nightside star light, and auroral particle precipitation.
The auroral particle precipitation (associatedwith charged particles of∼100 eV to tens of keV) originates from
the magnetosphere such that electrons/ions travel along magnetic ﬁeld lines toward the Earth and collide
with the neutral atmosphere.
The aurora is usually distinguished by two types of precipitation: discrete and diﬀuse aurora. Particles that
generatediscrete aurora are accelerated from their source regions in themagnetosphere, and the correspond-
ing electron precipitation, for example, is well correlated with the region of upward ﬁeld-aligned currents.
On the other hand, particles that are scattered by plasma waves into the loss cone can move down to
the atmosphere along magnetic ﬁeld lines without the aid of additional energy, creating diﬀuse auroral
precipitation. There are two major candidates that are long believed to induce the diﬀuse auroral precipita-
tion by pitch angle scattering the plasma sheet electrons: electromagnetic whistler mode waves (e.g., hiss
and chorus waves) and electrostatic electron cyclotron harmonic (ECH) waves [e.g., Horne et al., 2003; Ni et al.,
2008]. While hiss waves are often identiﬁed inside the plasmasphere [Meredith et al., 2004; Cao et al., 2005;
Bortnik et al., 2009; Laakso et al., 2015], chorus and ECH waves are excited in the near-Earth plasma sheet as
well as in the nightside plasma trough region [e.g., Meredith et al., 2001;Wei et al., 2007; Li et al., 2009, 2013],
and only occasionally inside the plasma sheet [Zhimaetal., 2013]. Recent statistical analysis of years of satellite
observations revealed that ECH waves dominantly contribute to the diﬀuse aurora in regions outside L shell
of 8, whereas chorus waves are the main source of electron precipitation inside L shell of 8 [Ni et al., 2011a,
2011b; Thorne et al., 2010]. These ﬁndings suggest that ECH waves are related with higher-latitude diﬀusion
precipitation, while the chorus wave scattering is mainly responsible for electron precipitation at the lower
auroral latitudes.
Given these sources for the ionospheric auroral conductivity, ﬁrst-principle calculation of the conductivity
is however not trivial in global models since it requires several important thermospheric-ionospheric
characteristics, such as the chemistry, reaction rates, and electron/neutral density. To avoid the complexity of
the thermosphere-ionosphere system, global models commonly adopt an empirical relation from Robinson
et al. [1987] that links the precipitating energy ﬂux and average energy to the Hall and Pedersen conductance
(height-integrated conductivity) and thus signiﬁcantly simplify the calculation of conductivity. Nevertheless,
to utilize the Robinson’s formula, one needs to, in the ﬁrst place, provide electron precipitation ﬂux at the
ionospheric altitude. To obtain this kinetic quantity in global magnetohydrodynamics (MHD) models that
are incapable of resolving the kinetic physics, researchers often use MHD parameters to approximate the
kinetic precipitation ﬂux at the ionospheric altitude [e.g., Raeder et al., 2001; Zhang et al., 2015]. Such estimate,
however, doesnot reﬂect thephysicalmechanism in themagnetosphere-ionosphere coupled systembecause
the real pitch angle scattering involves with kinetic-scale physics of the electrons, rather than ﬂuid dynamics.
Therefore, a better approach, i.e., a physics-based calculation of electron precipitation ﬂux is desired. For
example, a kinetic ring currentmodel that solves particle distribution functions with pitch angle dependence
is among the leading candidates capable of providing the real precipitation ﬂux. The ﬂux is then further used
to determine the ionospheric electrodynamics. Such a kinetic-scale connection between the ionosphere and
magnetosphere has recently been established by Fok et al. [2014] in the Comprehensive Ring Current Model
(CRCM) and Chen et al. [2015a, 2015b] in the Rice Convection Model-Equilibrium (RCM-E) [Lemon et al., 2004].
In this study, we step further from their stand-alone ring current models by developing an electron precipita-
tionmodulewithin ageospacegeneral circulationmodel inwhich the ring currentmodel not only solvespitch
angle-dependent distribution functions but also is coupled to a global MHDmodel. While the former feature
yields a more physical representation of the electron distribution, the latter introduces more self-consistency
than a stand-alone regional model that relies on various external boundary conditions [Yu et al., 2014a].
Figure 1a illustrates the general coupling structure within a global circulation modeling framework. The
ionospheric potential solver takes parameters from the global MHD model such as ﬁeld-aligned currents J||,
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Figure 1. (a) The old modeling framework of coupling the global MHD model with the ionospheric potential solver.
Within it, the auroral electron precipitation needed in calculating the ionospheric conductance is passed from the
MHD model with approximation. (b) The new modeling framework in this study by taking the auroral precipitation
from the kinetic ring current model that solves particle distribution functions with pitch angle dependence. This new
implementation indicates a physics-based calculation of electron precipitation than the MHD parameterization in the
current framework. (c) The speciﬁc modeling framework used in this study: global MHD model BATS-R-US, coupled
with kinetic ring current model RAM-SCB, and the ionospheric potential solver RIM. The dashed line indicates the new
implementation in this study of auroral particle precipitation passing from the ring current model to the ionospheric
electrodynamics.
and calculates the ionospheric conductance Σ and electric potential Φ. The typical technique of calculating
the auroral conductance is the empirical Robinson’s formula,which relates the conductancewith electronpre-
cipitation energy ﬂux Fe and average energy at the ionospheric altitude. According to adiabatic kinetic theory,
the electron precipitation ﬂux Fe is approximated using MHD parameters such as electron temperature, den-
sity, and ﬁeld-aligned currents [Knight, 1973; Fridman and Lemaire, 1980; Zhang et al., 2015]. This approach,
as discussed above, cannot truly represent the physics-based electron precipitation in the coupling regime
that actually requires kinetic-scale physics. Hence, in this study we replace this MHD parameterized calcula-
tor with a physics-based method, as shown in Figure 1b. Since the kinetic ring current model solves pitch
angle-dependent distribution functions of electrons and takes into account electron loss mechanisms asso-
ciated with wave-particle pitch angle scattering, the electron precipitation can be determined by integrating
the electron ﬂuxwithin the loss cone and thenmappeddown to the ionospheric altitude for the calculation of
conductivity. This method follows the physical coupling processes and therefore establishes, in themodeling
framework, a more physics-based module of the ionospheric auroral conductivity.
Within those stand-alone ring current models, earlier studies on ring current electron dynamics [e.g.,
Jordanova et al., 2010a; Fok et al., 2014; Chenet al., 2015a, 2015b] often use electron lifetimes to account for the
loss process due to wave-induced scattering. The lifetimes represent the relaxation time of electrons before
they are lost due to various loss mechanisms and is simple and in many circumstances applicable when pitch
angle dependence is weak, because the lifetimes imply the decay of the distribution as a whole at all pitch
angles. Methods of calculating the electron lifetimes [e.g., Albert and Shprits, 2009] has been validated and
improved in the past decade and found to be a very good approximation to the exact lifetime [e.g. Artemyev
et al., 2013] and thus being extensively and successfully employed in radiation belt studies [e.g., Ripoll et al.,
2014, 2015, 2016; Artemyev et al., 2015;Mourenas et al., 2012a, 2012b, 2014; Yu et al., 2013, 2014b]. In the ring
current dynamics, the eﬀect of using diﬀerent electron loss models (i.e., diﬀerent electron lifetimes) has been
recently investigated by Chen et al. [2015b] in the RCM-E model. It is found that the magnetic local tim (MLT)
and Kpparameterized loss rates, associatedwith chorus and hisswave scattering in the innermagnetosphere,
lead to amuchbetter performance than other static and simple electron lossmodels after comparing the sim-
ulation results with LANL/GEO-trapped electron ﬂux and NOAA/POES-precipitated ﬂux. Their new loss model
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uses electron lifetimes provided by Orlova and Shprits [2014] and Orlova et al. [2014] for the chorus and hiss
wave scattering outside and inside the plasmapause, respectively. These lifetime are inferred, followingmeth-
ods described in Albert and Shprits [2009], from pitch angle diﬀusion coeﬃcients determined from statistical
observations of wave properties and parameterized with Kp index and MLT sectors [Orlova and Shprits, 2014;
Orlova et al., 2014]. They are independent on pitch angles and are suitable to be used in the RCM-Emodel that
solves isotropic electron distributions.
While the method of calculating lifetimes in Albert and Shprits [2009] and others gives a very good approxi-
mation to the exact lifetime, the latter does not always lead to a good approximation to using the pitch angle
diﬀusion coeﬃcients, especially when considering pitch angle and local time dependence or during transient
phase before the distribution is settled down. Therefore, when the particle distribution is anisotropic (which
is common during storms/substorms) or its gradient near the edge of loss cone is pronounced or the relax-
ation time is longer than the loss timescale, it might not be quite rational to use lifetime for the wave-induced
scattering. Therefore, a more comprehensive way is required, such as considering the pitch angle-dependent
diﬀusion coeﬃcient. For example, Jordanovaetal. [2008] treated thepitch angle scatteringdue to electromag-
netic ion cyclotron waves as a diﬀusive process in the RAM-SCB (Ring current-Atmosphere interaction Model
with Self-Consistent Magnetic ﬁeld (B)) ring current model by using pitch angle diﬀusion coeﬃcients. Those
coeﬃcients carry full pitch angle information for diﬀusing the ring current particles and potentially oﬀer a
more appropriate approach to taking fully into account the precipitation loss associated with waves. This can
further yield better representation of ionospheric conductivity.
In this study we will investigate both methods: (a) use pitch angle diﬀusion coeﬃcients to represent wave-
particle scattering loss (referred to as “diﬀusion coeﬃcient method” hereafter) and (b) use electron lifetimes
(referred to as “lifetimemethod” hereafter). With the new implementation shown in Figure 1b, this study aims
to (1) validate and assess the ﬁdelity and capability of the new modeling framework in resolving the iono-
spheric electron precipitation, (2) compare two electron lossmethods in including the eﬀect of wave-induced
scattering on electron dynamics, and (3) understand the wave-induced auroral electron precipitation and its
inﬂuence on themagnetosphere-ionosphere dynamics. The paper is structured as follows. In section 2wewill
describe the new coupling framework, especially two important components in the framework: the electron
precipitation loss associated with wave resonant pitch angle scattering and the auroral conductivity. In
section 3 we report results from three simulations using these diﬀerent methods and then compare with
observations. In section 4 we conclude.
2. Methodology
In this study, the Space Weather Modeling Framework (SWMF) [Tóth et al., 2005, 2012] is used to study the
electron precipitation. The framework is composed of several intercoupled physicalmodels, fromglobalmag-
netosphere to regional representation inside the magnetosphere, as shown in Figure 1c. The global MHD
model BATS-R-US (Block Adaptive Tree Scheme-Roe type-Upstream) [Powell et al., 1999] solves single-ﬂuid
ideal MHD equations for the whole magnetospheric dynamics. The kinetic ring current model RAM-SCB
(Ring current-Atmosphere interaction Model with Self-Consistent Magnetic ﬁeld (B)) [Jordanova et al., 2006,
2010b;Zahariaetal., 2006, 2010] is describedbybounce-averagedFokker-Planck equations inside thegeosyn-
chronous altitude. The ionospheric potential solver RIM [Ridley et al., 2004] is designated as a two-dimensional
shell at the ionospheric height (∼110 km). The coupling between these codes, except for the dashed
line between RAM-SCB and RIM, has been established in previous studies and meanwhile been validated
through thorough comparisonswith a variety of observations, including the global energy contentDst index,
magnetic ﬁelds, ﬁeld-aligned currents, and particle ﬂux either at the boundary of codes or along certain
satellites trajectories [Zaharia et al., 2010; Yu et al., 2014a, 2015;Welling et al., 2011, 2015]. These data-model
comparisons for this coupled modeling framework demonstrated its capability to reproduce many key
features of the magnetosphere-ionosphere system. Similar abilities are also achieved in other types of
MHD-kinetic coupledmodels, such as LFM-RCM [Pembrokeetal., 2012], BATS-R-US-RCM [DeZeeuwetal., 2004],
and BATS-R-US-CRCM [Glocer et al., 2013].
In our coupled modeling framework shown in Figure 1c, the MHDmodel BATS-R-US provides plasma density
and temperature to the RAM-SCB model at its outer boundary of 6.5 Re in the equatorial plane. An isotropic
Kappa distribution (𝜅=3) is assumed using the MHD temperature and density. The ﬂux from the single-ﬂuid
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Table 1. Three Simulations Using Diﬀerent Methods of Calculating the Auroral Precipitation and Ring Current Electron
Loss Due To Wave-Particle Interactions
Three Simulations Auroral Precipitation Ring Current Electron Loss
I physics-based calculation of precipitation diﬀusion coeﬃcients for electron loss
II physics-based calculation of precipitation lifetimes for electron loss
III MHD approximation of precipitation diﬀusion coeﬃcients for electron loss
MHDmodel is further decoupled into individual plasma compositions needed in RAM-SCB by employing the
empirical relationship from Young et al. [1982] who correlated the plasma sheet ion composition with solar
wind and magnetospheric conditions. In turn, the RAM-SCB model passes the equatorial ring current pres-
sure to the MHD model, in order to compensate the pressure deﬁciency in the MHD code since the latter
lacks kinetic physics and is unable to capture thewestward/eastward particle drift physics. In theMHDmodel,
the pressure is gradually “nudged” toward, instead of forced to the ring current pressure to avoid potential
numerical instability, following the approaches inDeZeeuwet al. [2004] andGlocer et al. [2013]. The “nudging”
is achieved with the following expression:
P
′
MHD = PMHD +min
(
1,
dt
𝜏couple
(PRAM-SCB − PMHD)
)
(1)
where PMHD and P
′
MHD are the MHD pressure before and after coupling, respectively. 𝜏couple is a time constant
introduced to maintain solution stability and it is 60 s in this study. Therefore, the MHD pressure is converged
toward the RAM-SCB pressure PRAM-SCB after 2𝜏couple.
The ionospheric potential solver computes the electric potential calculation using ﬁeld-aligned currents from
the MHD model and Hall/Pedersen conductance. The electric potential is then mapped out along magnetic
ﬁeld lines to the magnetosphere assuming zero potential drop along magnetic ﬁeld lines. In the BATS-R-US
model, the electric potential is used to specify the velocity of the footprints of magnetic ﬁeld lines on its
inner boundary (at 2.5 Re), while the RAM-SCBmodel uses the corresponding convection electric ﬁeld to drive
charged particles around the Earth. The inductive electric ﬁeld is not included in the ring current model, as
it has been found by Zaharia [2008] that the inductive electric ﬁeld is generally much smaller than the con-
vection electric ﬁeld inside the geosynchronous orbit, but can be comparable during late main phase/early
recovery phase at some local times, suggesting its localized feature [Ganushkina et al., 2013]. The magnetic
ﬁeld required at the outer boundary of RAM-SCB is provided by the empirical Tsyganenkomodel [Tsyganenko,
1989], parameterized by Kp index. Since the magnetic ﬁeld solver within RAM-SCB represents the ﬁeld with a
set of Euler potential shells [Zahariaetal., 2006, 2010], it is diﬃcult to construct the shells at theouter boundary
with ﬁelds from other coupled code [Welling et al., 2015].
In the following sections, twokey componentsof the frameworkaredescribed indetail: (a) theauroral electron
precipitation of magnetospheric origin in the RAM-SCB in section 2.1 and (b) the ionospheric conductance
in section 2.2. We will ﬁrst describe the ring current model RAM-SCB and two loss methods used to give rise
to the wave-induced electron precipitation, namely, the diﬀusion coeﬃcient method and lifetime method
(section 2.1.1). Then in section 2.2.1 we will describe the traditional MHD approach in determining the pre-
cipitation for the ionospheric conductance and in section 2.2.2 the physics-based approach by using the
wave-induced precipitation ﬂux.
We conduct three simulations listed in Table 1: (1) using the physics-based calculation of auroral precipitation
with the diﬀusion coeﬃcient method in the ring current model, (2) using the physics-based calculation of
auroral precipitation with the lifetime method in the ring current model, and (3) using MHD approximation
for the auroral precipitation where the precipitation ﬂux is not determined from the ring current model, but
rather from the MHDmodel (i.e., Figure 1(a)).
2.1. Magnetospheric Electron Precipitation in the RAM-SCB Model
TheRAM-SCBmodel includes two fully coupledmodules: a kinetic ring current-atmosphere interactionmodel
(RAM) [Jordanova et al., 1994, 2006, 2010b] self-consistently coupledwith a 3-D equilibriummagnetic ﬁeld (B)
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code [Zaharia et al., 2006, 2010]. It has been validated via a variety of spaceborne observations and geomag-
netic indices [Yu et al., 2012]. Themodel determines themagnetic ﬁeld conﬁguration in three dimensions and
the particle distribution functions Ql(R, 𝜙, E, 𝛼) from bounce-averaged Fokker-Planck equations for both ring
current ions and electrons in the equatorial plane:
𝜕Ql
𝜕t
+ 1
R2o
𝜕
𝜕Ro
(
R2o <
dRo
dt
>Ql
)
+ 𝜕
𝜕𝜙
(
<
d𝜙
dt
>Ql
)
+ 1
𝛾p
𝜕
𝜕E
(
𝛾p <
dE
dt
>Ql
)
+ 1
h𝜇o
𝜕
𝜕𝜇o
(
h𝜇o <
d𝜇o
dt
>Ql
)
= <
(
𝜕Ql
𝜕t
)
loss
>
(2)
where Ql is a function of radial distance R from 2 to 6.5 Re with spatial resolution of 0.25 Re, geomagnetic
east longitude 𝜙with resolution of 15∘, energy E between 0.15 and 400 keV, and pitch angle 𝛼 from 0 to 90∘.
The bracket < > represents bounce averaging, the subscript index o denotes the equatorial plane, p is the
relativistic momentum of the particle, 𝛾 is the relativistic factor, and h is deﬁned by
h(𝜇o) =
1
2R0 ∫
s
′
m
sm
ds√
(1 − B(s)∕Bm)
(3)
which is proportional to the bounce period. Here Bm is the magnetic ﬁeld at the mirror point, ds is a distance
interval along the integrating ﬁeld line, and R0 is the equatorial distance of the ﬁeld line.
The loss terms on the right-hand side of equation (2) are represented by several physical processes, including
charge exchange with geocoronal hydrogen for ring current ions, atmospheric collisional loss for both elec-
trons and ions, and pitch angle scattering of electrons due to wave-particle resonance that eventually leads
to the diﬀuse auroral precipitation [Jordanova et al., 2010a]. The diﬀuse aurora has long been believed to be
associated with electron precipitation induced by wave-particle interactions in the magnetosphere, such as
whistler mode chorus and ECH waves. Recent quantitative studies found that whistler mode chorus waves
play a dominant role over the ECH waves in scattering plasma sheet electrons from a few hundred eV to tens
of keV in the inner magnetosphere down to the auroral zone, producing intense diﬀuse auroral precipitation
[Thorne et al., 2010; Ni et al., 2011a, 2011b]. Therefore, the eﬀect of ECH waves on the electron precipitation is
excluded in the ring current model RAM-SCB for this study.
2.1.1. Electron Precipitation Loss Method Used in RAM-SCB
To include the contribution of wave-particle interactions to the loss term in equation (2), we describe two loss
methods as follows:
1. The “diﬀusion coeﬃcient method” uses pitch angle diﬀusion coeﬃcients D𝛼𝛼(E, 𝛼) and solves the pitch
angle diﬀusion equationwith a Crank-Nicolson scheme [Jordanova et al., 1996, 1997, 2008] for the loss term
<
(
𝜕Ql
𝜕t
)
loss
> in equation (2):
<
(
𝜕Ql
𝜕t
)
WPIloss
> = 1
h𝜇o
𝜕
𝜕𝜇o
[
h𝜇o < D𝜇o𝜇o >
𝜕Ql
𝜕𝜇o
]
< D𝜇o𝜇o > =
(
1 − 𝜇2o
)
< D𝛼𝛼 >
(4)
where< D𝛼𝛼 > (𝜇o = cos(𝛼o)) is bounce-averagedpitch angle diﬀusion coeﬃcients associatedwithwhistler
mode chorus and hiss waves, and 𝛼o is the equatorial pitch angle. The coeﬃcients associated with chorus
wave scattering are determined from quasi-linear theory using the PADIE code [Glauert and Horne, 2005;
Horne et al., 2013; Glauert et al., 2014], based on statistical observations of wave properties for regions out-
side the plasmapause. In particular, they were derived based on wave frequency spectra and frequency
ratio (fpe∕fce) parameterized from satellite observations for 1.5≤ L∗ ≤ 10, magnetic latitude 0° ≤ 𝜆m ≤ 60°,
and ﬁve levels of Kp. To be used in the above equation, they are then interpolated onto RAM-SCB energy,
pitch angle, as well as spatial grids. On the other hand, precipitation due to hiss wave scattering inside the
plasmapause is considered by using hiss wave pitch angle diﬀusion coeﬃcients computed from a similar
code [Albert, 2005]. These coeﬃcients all depend on plasma density, energy, and pitch angle, representing
a comprehensive scattering of ring current electrons.
2. The “lifetime method” uses electron lifetimes to include the loss eﬀect of wave-particle interactions in
equation (2):
<
(
𝜕Ql
𝜕t
)
WPIloss
> = −
(
Ql
𝜏
)
(5)
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The lifetimes 𝜏 are computed from the above diﬀusion coeﬃcients D𝛼𝛼(E, 𝛼) using the method described
in Albert and Shprits [2009]. The coeﬃcients are integrated at the lowest normal mode over all pitch angles
and local times, leading to lifetimes independent on MLT and pitch angles. The lifetimes are also catego-
rized into two kinds: one due to chorus wave scattering outside the plasmapause and the other due to hiss
wave scattering inside. These time scales are interpolated onto RAM-SCB energy grid assuming pitch angle
isotropic and vary in radial distance and storm activity level (for more details, see Jordanova et al. [2010a]).
It should be noted that these lifetimes diﬀer from empirical lifetimes [e.g., Chen and Schulz, 2001; Albert,
1999] that represent the total decay time, regardless of the associated waves behind.
Once the electrons are “scattered” in the loss cone corresponding to the ionospheric altitude of 200 km, the
electron precipitation ﬂux is calculated by integrating the electron distribution function within the loss cone,
as will be described in the next section. The precipitation removal of the ring current electrons is calculated
with a time scale of a quarter bounce period [Jordanova et al., 2008].
2.2. Ionosphere Conductance
The ionospheric electrodynamics is solved over a spheric shell at 110 km above the Earth surface. This shell
is connected with the magnetosphere models mainly via ﬁeld-aligned currents and mapping electric poten-
tial. The ionospheric electric potential Φ is governed by the ﬁeld-aligned currents J|| and height-integrated
conductance Σ:
∇ ⋅ (Σ ⋅ ∇Φ) = −J|| sin I (6)
whereΣ is the tensor of ionospheric conductance, including both Hall and Pedersen conductance, and I is the
inclination of the magnetic ﬁeld line at the ionosphere.
The ionospheric conductance is induced by several physical processes, including diﬀuse auroral precipita-
tion, discrete auroral precipitation, solar EUV radiation, and polar rain. They are all included in the ionospheric
electrodynamics model:
Σ =
√
Σ2
diﬀuse
+ Σ2discrete + Σ
2
EUV + Σ
2
polar rain + Σ
2
nightside (7)
The conductance associated with solar EUV radiation is calculated using an empirical function based on
the solar zenith angle and F10.7 index [Moen and Brekke, 1993]. To include the weak contribution from polar
rain, small background conductance is applied constantly and uniformly over the polar cap above the open/
closed ﬁeld line boundary. In addition, aurora conductance is obtained using Robinson’s empirical formulas
[Robinson et al., 1987], provided the energy ﬂux FE and average energy E of the electron precipitation at the
ionospheric altitude:
ΣP =
40E
16 + E
2
√
FE
ΣH = 0.45E
0.85
ΣP (8)
These expressions are approximate ﬁts to the conductivity values obtained by Vickrey et al. [1981] based on
energy deposition functions given by Rees [1963] in the altitude range 80–200 km. Although these expres-
sions assume a Maxwellian distribution in energy, they have been shown to work well for non-Gaussian
distribution if the correct average energy and energy ﬂux are used [Robinson et al., 1987]. These relations,
as mentioned earlier, have been widely employed in global magnetosphere models [e.g., Ridley et al., 2004;
Raeder et al., 2001; Zhang et al., 2015; Fok et al., 2014; Chen et al., 2015a].
Although both diﬀuse precipitation and discrete aurora precipitation utilize the above relations, they are
categorized into two diﬀerent precipitation mechanisms. While diﬀuse aurora originates from precipitating
electrons that are scattered into the loss cone, the discrete aurora is associatedwith electrons that are acceler-
ated toward the Earth aidedby electric potential diﬀerence alongmagnetic ﬁeld lines. To numerically evaluate
these two types of aurora conductance using equation (8), the energy ﬂux FE is determined separately.
The numerical implementation of these two types of auroral precipitation in global circulation models is
described below in detail. Two approaches are investigated: One is the traditionalMHDparameterization, and
the other one with a coupled kinetic ring current model is based on physical precipitation process. These two
approaches are already illustrated in Figures 1a and 1b, respectively.
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2.2.1. MHD Approach
In global MHD models, a common way of specifying the auroral electron precipitation follows the adiabatic
kinetic theory inKnight [1973], Lyonsetal. [1979], and FridmanandLemaire [1980] usingMHDparameterization
[e.g., Raeder et al., 2001; Tanaka, 2000; Zhang et al., 2015]. We describe the precipitationmethod in Zhang et al.
[2015] as an example of the MHD approach. In their study, the number ﬂux of electron precipitation in the
source region F0 is ﬁrst determined from the adiabatic kinetic theory:
F0 = 𝛽
NeT
1∕2
e√
2𝜋me
(9)
where Te andNe are the electron thermal temperature and electronnumber density at the source region in the
magnetosphere. The electron temperature is assumed to be one sixth of the proton temperature in the MHD
model based on typical observations in the plasma sheet. Such a ratio of 1/6 is a crude approximation though;
since this simple relationship is probably only valid for low-energy plasma sheet particles in the near-Earth
region, a better representation between the electron andproton temperature is desired. The electron number
density is assumed to be equal to the proton number density from the MHD model. 𝛽 represents the ﬁlling
rate of loss cone from the plasma sheet and is chosen to be 0.5 for simplicity in this study. Future investi-
gation should take into account its spatial variation for more comprehensive and realistic consideration, as
demonstrated in Zhang et al. [2015].
For the diﬀuse precipitation, the energy ﬂux FE and averaged energy E use the following expressions:
FE = 2F0Te
< E> = 2Te
(10)
For discrete electron precipitation that is related to the upward ﬁeld-aligned currents, its energy ﬂux is
modeled as
FE =
J||
e
[
2Te + eV
1 − e−eV∕Te(Rm−1)
1 + (1 − 1∕Rm)e−eV∕Te(Rm−1)
]
E = 2Te + eV
1 − e−eV∕Te(Rm−1)
1 + (1 − 1∕Rm)e−eV∕Te(Rm−1)
eV = Te(Rm − 1)ln
Rm − 1
Rm − j||∕eF0 (11)
where J|| is the ﬁeld-aligned current, and Rm is the ratio of magnetic ﬁeld between the ionospheric footprint
and the equatorial location. Theparameter eV acts as the energy source to accelerate electrons from the equa-
tor toward the Earth as these electrons themselves have insuﬃcient initial energy to reach the atmosphere.
This calculation is only applied to regions of upward ﬁeld-aligned currents.
2.2.2. Physics-Based Approach
With a ring current code RAM-SCB coupled into the geospace general circulation model, the energy ﬂux
of diﬀuse aurora precipitation FdiﬀuseE is computed from the equatorial ﬂux distribution jo obtained from
the RAM-SCB model. First, the averaged electron precipitation ﬂux inside the loss cone joc in the equatorial
plane is
joc(E) =
∫ 1
𝜇oc
d𝜇jo(E, 𝜇)
∫ 1
𝜇oc
d𝜇o
(12)
where 𝜇o = cos(𝛼o) and 𝛼o is the equatorial pitch angle, jo is the electron diﬀerential ﬂux distribution in the
equatorial plane, and 𝜇oc is at the edge of the loss cone corresponding to an ionospheric altitude of 200 km.
After averaging the electron precipitation ﬂux in the loss cone in the equator, the averaged ﬂux in the equator
is equivalent to that at the ionospheric altitude (or mirror point) for each local pitch angles from 0 to 90∘
[Jordanova et al., 1997] according to the Liouville’s theorem. That is,
jiono(E) = joc(E) (13)
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By relating the averaged ﬂux in the equator to the ﬂux at the ionospheric altitude (mirror point) at the same
energy, it eliminates the complexity of the integration over various sizes of loss cones in the equatorial plane
and thus simpliﬁes the calculation of precipitation ﬂux as shown below. The energy ﬂux can be easily deter-
mined at the ionospheric altitude (∼200 km) assuming “isotropic” condition (as the averaged ﬂux is no longer
pitch angle dependent):
FdiﬀuseE = ∫
E2
E1 ∫
90°
𝛼=0°
jiono(E)E cos 𝛼dΩdE (14)
whereΩ is the solid angle of loss cone.
As for the discrete aurora precipitation, the energy ﬂux is computed with a similar method in Zhang et al.
[2015] as described in equation (11). Unlike the above approach and other studies that use MHD parameters
to approximate the electron temperature and density and use ﬁeld-aligned currents from MHD calculation,
we obtain these values from the RAM-SCB model near the low-altitude boundary and map them to the
ionospheric altitude.
Subsequently, with either the MHD or physics-based approach to specify the auroral precipitation, the
precipitation-associated conductance is achieved from equation (8). After combining with the other con-
tributors, we eventually obtain the global distribution of the ionospheric conductance using equation (7). It
should be noted that since the diﬀuse and discrete auroral precipitation is mapped alongmagnetic ﬁeld lines
inside the RAM-SCB domain for the physics-based approach, no precipitation is available in the high-latitude
polar cap region due to the ﬁnite boundary of the ring current model at 6.6 Re. To avoid the discontinuity
near the high-latitude boundary, an exponential decay of the diﬀuse auroral precipitation ﬂux is spatially
enforced along the magnetic latitude toward the pole at the high-latitude boundary. The “skin depth” of the
exponential decay is chosen at 5∘ in latitude.
3. Results
We simulate a small geomagnetic storm event that occurred on 25–26 January 2013 to investigate the eﬀect
of electron precipitation on the auroral conductance and assess the performance of the model implemented
with a physics-based electron precipitation loss module, in which two diﬀerent types of loss rates are utilized.
3.1. Overview of the Simulated Geomagnetic Storm Event
Figure 2 illustrates the solar wind, interplanetary, and geomagnetic conditions during 25–26 January 2013
obtained fromOMNIweb. Around 17:00 UT, a sudden enhancement of solar wind dynamic pressure results in
a moderate storm sudden commencement indicated by the increase of SYM-H index and a weak but isolated
substorm injectionwith AE∼ 250 nT. Around 23:00 UT, a strong southward turning of interplanetarymagnetic
ﬁeld (IMF) initiates substantial injections as AE approaches 800 nT, and SYM-H index decreases to−30 nT. This
injection lasts for only 2 h. Several intense injections further take place on the date of 26 January 2015, but
they act more continuously.
Following these injections, the HOPE instrument, on board Van Allen Probes A that orbits near the equator
with apogee (∼6 Re) at MLT of 3 during this event, observes predominant increase of electron ﬂux in the
midnight-to-dawn sector (Figure 3a). The enhancement at around 17:00 UT and 00:00 UT occurs for a wide
range of energy from a few eV to tens of keV, supplying important source population to the ring current.
Figure 3b shows DMSP observations of electron precipitation energy ﬂux along its trajectory across the polar
region. The sharp drop of energy ﬂux indicates the equatorward auroral boundary. Two time intervals are
compared. The energy ﬂux in the auroral zone at the time of substorm injection (∼23:20–23:50 UT; Figure 3b,
right) is increased by an order of magnitude and extends to lower latitudes when compared to that
during quite time (∼06:25–06:55 UT; Figure 3b, left). These in situ observations suggest that substorm
injections bring in evident source population into the inner magnetosphere and subsequently give rise to
enhanced electron precipitation down to the atmosphere probably owing to the plasmawaves excited in the
magnetosphere.
We choose a simulation interval from 12:00 UT, 25 January to 12:00 UT, 26 January during which two isolated
injections areobserved.Weexaminehowthe ring current evolves andhowthe ionospheric electrodynamics is
altered following substorm injections.We compare simulation results usingdiﬀerentmethods in representing
the loss eﬀect of wave-particle scattering with in situ observations to evaluate the ﬁdelity of the model.
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Figure 2. Solar wind, interplanetary, and geomagnetic conditions during the moderate magnetic storm event that
occurred on 25–26 January 2013. The data are obtained from OMNIWeb.
3.2. Inner Magnetosphere Electron Loss Due to Wave-Particle Interactions
Figures 4a–4f display RAM-SCB simulation results fromusing “diﬀusion coeﬃcientmethod” in the ring current
dynamics: (a) the global distribution of the plasmasphere, (b) electron diﬀusion coeﬃcients associated with
whistler mode hiss and chorus waves, (c) precipitated and (d) trapped electron ﬂux in the equatorial plane,
and (e) energy ﬂux and (f ) total electron number ﬂux precipitated at the ionospheric altitude during the
injection time at 23:50 UT. The cold plasmasphere develops mainly under the control of convective and coro-
tational electric ﬁelds. It is nearly symmetrically distributed surrounding the Earth during the prestorm quiet
time (not shown), whereas remarkable plasma erosion takes place starting from the nightside once the con-
vective electric ﬁeld is enhanced after the solar wind forcing impinges on the magnetosphere, leading to a
day-night asymmetric plasmasphere, with a high-density plume formed in the dusk sector (Figure 5a). The
innermost plasmapause is pushed as close as 3.5 Re to the Earth in the midnight-to-dawn sector, resulting in
“empty”magnetosphere for the cold population. Hot electrons with energy of tens of keV are injected toward
the Earth from the nightside. The electronsmostly drift eastward around the Earth and undergo various accel-
eration and loss mechanisms, giving rise to temperature anisotropy in their distribution, which then gives
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Figure 3. (a) Van Allen Probes A observations of spin-averaged electron ﬂux from ECT-HOPE (bottom) and MagEIS
instrumentation (top). The displayed energy range covers from 100 eV to 2000 keV. (b) Energy ﬂux observed by DMSP
satellite along two trajectories across the polar region of the Southern Hemisphere. Shown is the energy ﬂux (left)
during a quiet time period and (right) under a disturbed condition.
free energy for the excitation of whistler mode waves, such as chorus waves [e.g., Jordanova et al., 2010a].
These waves Doppler shifted to the cyclotron frequency of the hot electrons can resonantly interact with and
eﬀectively scatter the electrons into the loss cone.
Figure 4b shows pitch angle diﬀusion rates of hiss waves inside the plasmapause and chorus waves outside
the plasmapause. Only representative energy (∼9 keV) and pitch angle (52∘) are chosen for demonstration.
The diﬀusion rates are clearly high in the low-density region from premidnight to prenoon sector and in the
plasmasphere plume region on the afternoon side, indicating that electronswith such energy and pitch angle
in these regions is short-living due to strong scattering process by chorus or hiss waves. Therefore, electron
precipitation at 9 keV (Figure 4c) is accordingly high in these regions. For example, outside the plasmapause
(marked by black dots), precipitation ﬂux is prominent in the midnight-to-noon region through the dawn
where chorus waves are probably active after the tail particle injection. Inside the plasmasphere in the dusk
sector, signiﬁcant precipitation also occurs due to the hiss wave scattering. On the other hand, the trapped
electrons in Figure 4d mainly appear on the dawnside inside the plasmapause, as the scattering loss there
is insigniﬁcant, and in the noon sector outside L of 4 where the pitch angle diﬀusion coeﬃcients are not so
strong. Once the electrons sink down to the atmosphere along magnetic ﬁeld lines they carry energy source
to the upper atmosphere. Figures 4e and 4f show that the ionospheric energy deposit mostly appears around
60∘ in the region from postmidnight through dawn to postnoon, while little energy precipitation occurs in
the afternoon sector. Such a spatial distribution suggests the dominant role of whistler mode chorus waves
in scattering electrons in the dawn sector, consistent with observations in which whistler mode chorus waves
are found to be likely excited in the dawn sector [Li et al., 2009].
Figure 5 shows simulation results fromusing the “lifetimemethod.” In Figure 5a, a similar asymmetric plasma-
sphere is developed. The electron lifetime (Figure 5b) is found to be much shorter outside the plasmapause
than that inside the plasmapause at energy of 9 keV, indicating a more eﬃcient scattering loss due to chorus
waves outside the plasmapause. The electron ﬂux at 9 keV within the loss cone (Figure 5c) mainly occurs in
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Figure 4. Simulation results using the wave-particle pitch angle scattering diﬀusion coeﬃcients: Figures 4a–4d
are in the equatorial plane, and Figures 4e and 4f are at the ionosphere altitude. (a) Plasmasphere electron density,
(b) bounce-averaged pitch angle diﬀusion coeﬃcient for energy of 9 keV and pitch angle of 52∘, (c) precipitated and
(d) trapped electron ﬂux at energy of 9 keV, (e) energy ﬂux, and (f ) total number ﬂux at the ionospheric altitude.
The black dots in Figures 4c, 4e, and 4f denote the plasmapause boundary. These global distribution maps
are chosen from the time of 26 January, 00:50 UT.
the premidnight to postdawn sector while little precipitation is produced in the prenoon to the premidnight
sector. The peak precipitation appears in the postmidnight region with L from 3 to 4. Meanwhile, the trapped
ﬂux (Figure 5d) also shows a similar spatial distribution but with smaller amount of electrons appearing in the
afternoon sector than in the dawn sector. The relative lowmagnitude of trapped electron ﬂux in the afternoon
sector is attributed to the short lifetimes of the electrons when they travel eastward from the nightside and
are partly lost into the loss cone along their drift path and dayside boundary. While mapping the equatorial
precipitation along magnetic ﬁeld lines down to the ionospheric altitude, the above local time dependence
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Figure 5. Simulation results using electron lifetime, in the same format as in Figure 4. (a) Plasmasphere electron density,
(b) lifetime (in hours) for electrons in energy of 9 keV, (c) precipitated, and (d) trapped electron ﬂux at energy of 9 keV,
(e) energy ﬂux and (f ) total number ﬂux at the ionospheric altitude.
of precipitation results in ionospheric energy deposit concentrating around latitude of 55∘ fromMLT of 2 to 8
(see Figures 5e and 5f), but the precipitation ﬂux is rather weak from early morning to premidnight sector.
When comparing these two sets of simulation results, the “diﬀusion coeﬃcient method” not only shows con-
siderably large diﬀuse precipitation ﬂux in the equator but also exhibits diﬀerent spatial distribution. While
the “lifetime method” results in electron precipitation conﬁned at a much lower ionospheric latitude, the
“diﬀusion coeﬃcient method” leads to the precipitation at higher latitudes and over a larger coverage in
local times.
Since the pitch angle diﬀusion coeﬃcients adopted in the “diﬀusion coeﬃcient method” depend on energy,
pitch angle, and local plasma conditions, Figure 6 displays the pitch angle diﬀusion coeﬃcients D𝛼𝛼(E, 𝛼) in
the energy-pitch angle space at L = 5.0 at two selective MLTs of 8 and 15, where chorus and hiss waves are
expected to take a part, respectively. It can be seen that the chorus waves can cause rapid scattering for pitch
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Figure 6. (top) Bounce-averaged pitch angle diﬀusion coeﬃcients as function of energy and pitch angle for (a) chorus waves and (b) hiss waves at L of 5 and MLT
of 8 and 15, respectively. (bottom) Energy spectra of electron precipitation ﬂux at MLT of (c) 8 and (d) 15 for four locations (L = 3.0, 4.0, 5.0, and 6.0). These plots
are chosen at time of 23:50 UT, the same time as in Figure 4.
angles below 60∘ for energies between 10 keV and 100 keV as well as over a larger range of pitch angles
for energies below a few keV. These two branches actually correspond to the lower and upper band chorus.
The hiss waves, on the other hand, exert inﬂuence over a limited energy range for most pitch angles. As a
consequence, the energy spectra of precipitation at these two locations evidently show energy dependence.
At MLT of 8, precipitation takes place over a wide range of energies below 100 keV due to chorus wave
scattering, while electrons scattering loss at MLT of 15 due to hiss wave scattering is conﬁned within energy
range of 30–100 keV at L of 5.0, indicating global asymmetry in the ionospheric precipitation as shown in
Figures 4e and 4f.
We further probe the diﬀerence/similarity between these two simulations by comparing the trapped electron
ﬂux to observations from Van Allen Probes. Figure 7 illustrates the spin-averaged electron ﬂux along the Van
Allen Probes A, whichwas orbiting near the equatorial planewith the apogee nearMLT of 3. The near-equator
orbit enables the observation of trapped electrons under current time resolution. In the data, the electron
ﬂux suddenly increases around 01:00 UT of 26 January 2013, and more plasma injections are observed in the
next orbit from 08:00 to 11:00 UT of 26 January 2013. From the modeling results, both simulations record
the start time of injections at 00:00 UT of 26 January 2013, which appears to be one hour earlier than in the
observations. In fact, an enhancement is also visible in the data at the same time but with a much smaller
intensity. Both simulations show quite similar temporal evolution of the trapped ring current electrons
following the initiation of injection, suggesting that the inﬂuence of using diﬀerent lossmethods is very small.
In other words, using pitch angle diﬀusion coeﬃcients is almost equivalent to using lifetimes for solving the
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Figure 7. Trapped population. (a) Van Allen Probes A observation of spin-averaged electron ﬂux from ECT/MagEIS
instrument for 30 ≤ E ≤ 400 keV. (b) Simulated electron omni ﬂux using diﬀusion coeﬃcient method. (c) Simulated
electron omni ﬂux along the same trajectory using lifetime method. The ﬂux unit is in 1/cm2/s/sr/keV.
trapped electron ﬂux distribution, which unambiguously supports previous studies on radiation belt dynam-
ics that utilize lifetime scales [e.g., Ripoll et al., 2014, 2015, 2016; Artemyev et al., 2015; Mourenas et al., 2012a,
2012b, 2014; Yu et al., 2013, 2014b].
We also compare the simulated precipitation ﬂux to observations fromNOAA/POES satellites in Figure 8. POES
satellites measure precipitation electron ﬂux with the onboard 0∘ telescope while traveling along the low
Earth polar orbits. Such in situ observations from six POES satellites aremapped to themagnetic equator and
further binned into L vs. time (or L-time) diagram for diﬀerent local time sectors (i.e., MLT of 03-09 and 21-03
in Figures 8a and 8b). The spatial resolution is chosen at 0.25 Re between 2.5 and 6.5 Re and temporal resolu-
tion of 0.5 h. The observed precipitation ﬂux is obtained from 1–20 keV energy channels. The precipitation is
found to be rather weak before the storm and is slightly enhanced near L of 6.0 around 17–18 UT after a small
injection. It is then largely intensiﬁedduring substorm injections starting around 23:30UT. The innermost pre-
cipitation penetrates as close as L of 4.5 near the injection peak at 00:30 UT in the nightside and dawn sectors.
Precipitation in the “diﬀusion coeﬃcient method” (Figures 8c and 8d) tends to occur at larger L shells than
in the “lifetime method” (Figures 8e and 8f)) and is in better agreement with the data. It also captures the
precipitation before 18:00 UT which is not present in the “lifetime method,” but does appear in the data.
Furthermore, the “diﬀusion coeﬃcient method” shows dynamic precipitation from outer region to lower L
shells during substorm injections, consistent with observations. However, themagnitude of the precipitation
is not as high as in the data, suggesting that thewavesmay indeedbe stronger in this particular event. There is
also a strong burst of precipitation for 4<L<5 jut after 00:30 UT that is present in bothmodels, but not in the
data. This may be related to the incorrect location of the predicted plasmapause, or uncertainty in mapping
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Figure 8. Precipitated population. (a, b) Observation: six NOAA/POES observations of precipitating energy ﬂux binned
in radial distance L and time for two local sectors (03-09 MLT and 21-03 MLT). The spatial resolution in L is 0.25 Re and
the temporal resolution is 30 min. (c, d) Diﬀusion coeﬃcient method result: precipitating energy ﬂux in the same format,
using pitch angle diﬀusion coeﬃcients to represent the wave-particle scattering loss. (e, f ) Lifetime method result:
precipitating energy ﬂux in the same format, using electron lifetime to account for the wave-particle scattering loss.
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Figure 9. (top row) Simulation results using the diﬀusion coeﬃcient loss method and new physics-based calculation of auroral precipitation. (middle row)
Simulation results using the lifetime loss method and new physics-based calculation of auroral precipitation. (bottom row) Simulation results using MHD
approximation of auroral precipitation. From left to right columns, ionospheric electric potential, ﬁeld-aligned currents, energy ﬂux, and Hall conductance
above 50∘ magnetic latitude. The energy ﬂux is plotted in logarithm scale.
ﬁeld lines from the equatorial region to the ionosphere in the night sector.We checkedplasmasphere electron
density inferred from Van Allen Probes data [Kurth et al., 2015] and found that during the injection time (from
00:00 UT to 02:00UT), both spacecraft subsequently pass the midnight plasmapause (chosen at density of
50/cm3) that is about 0.5–1.0 Re further than the plasmapause location in the model. This means that the
modeled precipitation ﬂuxwithin 4<L<5 at the “burst” time comes from the region outside the plasmapause
while the POES observations display the precipitation ﬂux originated from inside the plasmapause, leading to
the disagreement in this region. Therefore, inclusion of a more accurate plasmapause model [Liu et al., 2015]
should be one of the future work. In general, the agreement between the new “diﬀusion coeﬃcient method”
and thedata ismuchbetter than that between the “lifetimemethod” and thedata and represents aprominent
improvement. This indicates that thenewly implemented electron lossmethodbasedonpitch angle diﬀusion
process, a more comprehensive method than the lifetimes, improves the performance of the ring current
model in capturing the global spatial distribution and temporal evolution of the electron precipitation. It thus
grants a promising tool for studying the integrated magnetosphere-ionosphere physics in the future.
The above results on the trapped andprecipitated electrons are actually amanifestationof theunderlying loss
process to the distribution when applying diﬀerent loss rates. A distribution initially with larger intensity at
larger pitch angles usually ﬁnds itself to evolve toward a ﬂatter proﬁle in thepitch angle space, due todiﬀusion
processes. The direct eﬀect is that the distribution at larger pitch angles is reduced while that at smaller pitch
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Figure 10. (top) DMSP F18 trajectory across the Southern Hemisphere
from dawn to dusk. (bottom) Observed (black) and simulated (blue, green)
energy ﬂux along the satellite trajectory. The blue trace shows the
simulation result from using diﬀusion coeﬃcients in the wave-driven
precipitation and the green trace from the simulation using the MHD
approximation in the auroral precipitation.
angles increases. This process is what
the diﬀusion coeﬃcients can explain
in the model. In contrast, if the life-
times are applied to the distribution
at all pitch angles, the whole dis-
tribution is decreased by a certain
factor. For the trapped electrons, both
methods show similar eﬀect on the
distribution. But for the precipitated
electrons, owing to the pitch angle
diﬀusion toward lower pitch angles,
the precipitation ﬂux is higher than
that using lifetimes.
3.3. Ionospheric Electrodynamics
We next focus on the ionospheric
response following the electron pre-
cipitation. In order to manifest this
new self-consistent coupling between
the auroral precipitation and the ring
current dynamics (Figure 1b), we
further compare the results with the
traditional MHD approach (Figure 1a).
Figure 9 shows the ionospheric elec-
tric potential, ﬁeld-aligned currents
(FACs), energy ﬂux, and Hall conduc-
tance at the ionospheric altitude from
using the physics-based approach (Figures 9, top and 9, middle) and using MHD approach (Figure 9, bottom)
at 23:50 UT. As the IMF is southward oriented, the typical two-cell potential/convection pattern and both
Regions 1 and 2 FACs are well revealed in all of these three simulations.
The ionospheric conductance is a combinedeﬀect of diﬀuseprecipitation initiatedbypitchangle scatteringas
described above, the discrete precipitation speciﬁed via the upward ﬁeld-aligned current, the EUV radiation,
and polar rain. It is found that with the self-consistent calculation of precipitation from the ring current using
pitch angle diﬀusion coeﬃcient method for the wave-scattered electron loss, the electron energy ﬂux in
the ionosphere is largely contributed by the diﬀuse precipitation due to chorus wave scattering outside the
plasmapause in the postmidnight to dawn sector. The energy deposit in the diﬀusion coeﬃcient method
peaks at a latitude around 62∘ and further extends to dayside sector. Accordingly, the Hall conductance is
regulated mainly by the solar illumination on the dayside and the above diﬀuse precipitation that forms an
aurora oval from the midnight to early morning side. In contrast, with the lifetime method for the ring cur-
rent electron loss, the precipitated energy ﬂux mainly occurs below 60∘ in the early morning sector, without
extending into the dayside, consistent with the precipitation pattern in the equatorial plane in Figure 5. The
Hall conductance is consequently enhanced at lower latitude. On the other hand, the energy ﬂux in the MHD
approximation appears as an oval in the ionosphere and it peaks in the dusk-to-midnight sector. This ismainly
caused by the large pressure in the duskmagnetosphere as the ring current carries westward drifting protons
and is greatly enhanced during substorm time. Subsequently, the auroral Hall conductance is considerably
large in the oval, particularly in the dusk-to-midnight sector.
We notice that not only the magnitude but also the spatial distribution of the Hall conductance diﬀer sig-
niﬁcantly between these two approaches. While verifying the global conductance pattern in the ionosphere
is challenging, comparisons with DMSP measurements of precipitated electron energy ﬂux would assist in
validating, to a certain extent, the ﬁdelity of the simulated auroral precipitation. Figure 10 illustrates the
integrated electron energy ﬂux (from 30 eV to 30 keV) observed along one DMSP trajectory across the
southern polar cap during the substorm injection time (black), the simulated energy ﬂux from the kinetic
physics-based approach (blue), and MHD approach (green). The two bump-like enhancements of ﬂux in the
data represent intense auroral electronprecipitation. TheMHDcalculation (green) generally captures the loca-
tion of the peak precipitation in the auroral zone, but it overestimates the peak ﬂux in the dusk sector and the
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ﬂux at lower latitudes. Toomuch precipitation ﬂux is observed in the dusk subauroral region, mainly because
theMHD approach relies on theMHD parameters such as pressure in themodel, which is large when the ring
current is intensiﬁed after substorm injections. On the other hand, the self-consistent physics-based calcula-
tion produces an enhancement in the dawn sector near latitude of 60∘, and the ﬂux rapidly drops near the
auroral boundary, thus in better agreement with the data. But the peak magnitude or the location of peak
precipitation in the dawn sector is not well reproduced, indicating that thewhistlermode choruswaves in the
dawn sector implemented in the diﬀusion coeﬃcient method are not as strong as in this substorm event. In
the dusk sector, the peak precipitation ﬂux is captured, but the location of the peak ismissed by a fewdegrees
toward lower latitudes than in the data. One possible reason for this mismatch in the physics-based calcu-
lation with diﬀusion loss method could be that the hiss waves employed for the scattering loss in the dusk
sector overloads electronprecipitation at lower latitudes. Thus,more realistic or event-speciﬁc hiss-associated
diﬀusion rates may be demanded. Furthermore, more scattering responsible for higher-latitude precipita-
tion outside the plasmapause are also needed in the dusk sector. The large low-latitude precipitation in
the simulation may also suggest that the inner magnetosphere experiences less shielding than in reality,
causing a penetration of electric ﬁeld to much lower latitudes. Such discrepancy was previously reported in
Yu et al. [2015] where the dawn-to-dusk electric ﬁeld in the dusk sector overly penetrates to the inner region,
corresponding to a lower latitude in the ionosphere. A stronger shieldingwould probably redress the location
of the plasmapause boundary and hence the auroral precipitation zone.
4. Discussion and Conclusions
We implemented, in the geospace general circulation model, a physics-based diﬀuse aurora precipitation
module for the ionospheric conductivity. It is accomplished by determining the diﬀerential electron ﬂux
within the loss cone in the equatorial region and mapping it down to the ionosphere. This approach enables
the coupling of diﬀuse auroral precipitation of magnetospheric origin to the ionosphere and improves the
self consistency of the connection between the ionospheric electrodynamics andmagnetospheric dynamics.
The reason of such eﬀort is because a common but inconsistent approximation has been employed for a long
time inglobalMHDmodels to estimate theprecipitationﬂux, owing to the incapability of capturing the kinetic
precipitation characteristics originated in the inner magnetosphere in these global MHD models. After cou-
pling to a ring current model withmagnetospheric particle drift physics, it is possible to have amore physical
representation of ionospheric electron precipitation.
To resolve the auroral precipitation that originated from the wave-particle scattering in the magnetosphere,
the eﬀect of wave scattering loss is examined by utilizing either pitch angle diﬀusion coeﬃcients or lifetimes.
The diﬀusion coeﬃcients, an important indicator of howeﬃcient the particles diﬀuse in pitch angle space, are
determined from the quasi-linear theory and a recent satellite database for wave characteristics, and depend
on local plasma density, the energy and pitch angle of electrons, and geomagnetic activity level. In contrast,
inferring the electron lifetimes from these diﬀusion coeﬃcients eliminates the pitch angle dependence,
leaving merely the energy dependence for the lifetimes.
We conduct three simulations with the geospace general circulation model: simulation (1) uses the new
self-consistent physics-based approach to determining the auroral precipitation in the ring current model
which uses new pitch angle diﬀusion coeﬃcient to represent the scattering eﬀect on electrons; simulation
(2) uses the new self-consistent physics-based approach to determining the auroral precipitation in the ring
current model which uses electron lifetimes inferred from the above diﬀusion coeﬃcient for the wave scat-
tering eﬀect; and simulation (3) uses the MHD parameters to determine the auroral precipitation without
using the precipitation ﬂux from the ring current model but from the MHD model. From these simulations
and comparisons with observations, we reach the following conclusions:
1. The diﬀusion coeﬃcient loss method captures the auroral electron precipitation in the region at large
L shells (5 < L < 6) in the night and dawn sectors during both quiet and disturbed time. Signiﬁcant
enhancement and penetration of precipitation to low L shells during the substorm injection time is
also reproduced and thus shows reasonable agreement with the dynamics revealed in the NOAA/POES
observations.
2. With the diﬀusion coeﬃcient-based precipitation mechanism, the precipitating energy ﬂux at the iono-
spheric altitude is dominantly strong in the premidnight to dayside through the dawn sector, peaked
around 60∘ latitude. The ionospheric auroral conductance caused by the diﬀuse electron precipitation
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is well correlated with the chorus wave outside the plasmapause in the magnetosphere, implying the
importance of wave-particle interactions in regulating the ionospheric dynamics.
3. ComparisonswithDMSPobservations of precipitation energy ﬂux indicates that the choruswave scattering
included in the diﬀuse model via diﬀusion coeﬃcients can mostly explain the diﬀuse electron precipita-
tion in the dawn sector, such as the enhanced precipitation ﬂux at auroral latitudes and ﬂux drop near
the subauroral latitudes. In contrast, theMHD approximation largely overestimates the precipitation ﬂux at
lower latitudes.
4. While both diﬀusion coeﬃcient and lifetime methods show similar temporal evolution of the trapped
ring current electrons, they show signiﬁcant diﬀerence on the precipitated ring current electrons. The life-
timemethod considerably underestimates the intensity of the precipitated electrons in the higher-latitude
region, but the diﬀusion coeﬃcient method captures many important precipitating features as revealed
in the NOAA/POES observations, hence better agrees with the data. This is probably attributed to the fact
that lifetimes are independent on pitch angles. When there is a large gradient near the edge of loss cone
in the distribution (usually the distribution increases with pitch angle), applying the lifetime to the distri-
bution as a whole reduces the distribution in all pitch angles, leading to smaller precipitation ﬂux within
the loss cone. On the other hand, the diﬀusion coeﬃcients carry full pitch angle information and represent
the diﬀusion in the distribution, which eventually will bring the distribution toward an equilibrium (ﬂatten)
stage. Therefore, the loss cone precipitation ﬂux is “ﬁlled” up after the diﬀusion process, resulting in more
precipitation.
5. While comparing the simulation results with observations, we also identiﬁed in the model several short-
comings that require further improvement. For example, in thediﬀusion coeﬃcientmethod, themagnitude
of precipitation is not as high as in both POES and DMSP observations, suggesting that the waves are prob-
ably stronger in the particular substorm event than that derived in the diﬀusion coeﬃcients. Future studies
may consider event-speciﬁc wave characteristics to improve the representation of wave scattering loss in
themodel. In addition, precipitation in the dusk aurora zone is predicted at a lower latitude than in the data,
implying in the model either an overestimate of hiss scattering or a weaker electric ﬁeld shielding in the
inner magnetosphere that is not strong enough to impede the penetration to lower latitudes. Future work
will be also focused on coupling the FACs calculated in the ring current model with the ionosphere model,
besides the FACs from the MHDmodel.
In summary, this work marks the ﬁrst step toward implementing a more self-consistent physics-based
approach to obtaining auroral precipitation in global circulationmodels.Weﬁnd that the use of diﬀusion rates
based on wave-particle interactions in the magnetosphere generally oﬀers substantial improvement in the
electron precipitation maps and has now reached a level of maturity where it can be integrated into global
models that care about ionospheric electrodynamics. Future studies will, with the aid of this new precipita-
tion module, investigate in-depth the inﬂuence of the wave-particle interactions in the magnetosphere on
the ionospheric conductivity as well as the feedback eﬀects. Nevertheless, we need to note that based on
some identiﬁed issues, more studies are still needed on how to best integrate this approach in global models.
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